ABSTRACT: The present study is a general multivariate analysis of the spatial association between small pelagic fishes and their predators (seabirds, marine mammals and fisheries), using 6 yr (18 000 km) of transects surveyed in spring in the Bay of Biscay, France. We describe 4 groups of prey-predator association, with explicit distinction of prey size: (1) terns and anchovies (10 to 15 cm), (2) common dolphins, common murres, sprat and sardine (< 20 cm), (3) gannets, horse mackerel and mackerel (15 to 25 cm) and (4) bottlenose dolphin, horse mackerel and mackerel (25 to 40 cm). Our analysis also illustrates the great variability in these associations, with years of strong prey-predator associations followed by years of weak relationships. The analysis allows us to formulate predictions about the structure of the upper-pelagic food web in the Bay of Biscay in spring, and constitutes a good starting point for the analysis of data collected during ecosystem-based surveys in the Bay of Biscay.
INTRODUCTION
Energy in marine ecosystems flows through complex food webs, the organisation of which varies in space and time (Cury et al. 2008) . When dramatic changes occur in a food web, the complete ecosystem functioning can shift from one steady state to another less stable state. These sudden 'regime shifts ' (deYoung et al. 2008 ) are typical of marine systems, and are often driven by changes at the intermediate trophic level (e.g. small pelagic fishes). Small pelagic fish populations are viewed as a key component in many cases, able to exert a top-down control on zooplankton as well as a bottom-up control on top predators (termed wasp-waist ecosystem structure; Bakun 1996 , Cury et al. 2000 . Furthermore, they are subject to strong nonlinear 'boom-bust' dynamics (Bakun 2006) .
Marine top predators (e.g. seabirds and cetaceans) feed mainly either on large zooplanktonic crustaceans or small pelagic fishes (Pauly et al. 1998 , Hunt et al. 2005 , which are populations subject to important, non-linear dynamics as suggested by the theory of wasp-waist ecosystems. Marine top predators have high metabolic rates, requiring frequent and substantial intake of prey. Lack of suitable prey can have negative effects on reproductive output and condition in some populations of top predators (e.g. Gremillet et al. 2008) , with extreme cases leading to starvation and death (Ellis & Gabrielsen 2001) . However, small pelagic fishes are mobile, clustered and unpredictable prey (Haugland & Misund 2004 , Weimerskirch 2007 . To cope with the high uncertainty associated with prey distribution and abundance, marine top predators have developed complex foraging strategies, based on optimal foraging paths in a heterogeneous environment (Russell et al. 1992 , Viswanathan et al. 1996 , Fauchald 1999 , Pinaud & Weimerskirch 2005 , Benhamou 2007 , combined with an extensive use of socially shared information and cues (Davoren et al. 2003 , Silverman et al. 2004 .
Top predator populations may also have an important role in marine ecosystems and examples exist of their perceived pivotal role. Sissenwine et al. (1984) hypothesised that the final collapse of the Georges Bank herring population was due to the presence of fin whales Balaenoptera physalus on the spawning grounds used by the remaining herring, after the stock had been seriously depleted by overfishing. Kenney et al. (1997) estimated that the total amount of fish and squid consumed by marine mammals exceeded fisheries catch in the USA Northeast Continental Shelf ecosystem. Although marine top predators are supposed to be primarily controlled by bottom-up processes, their selective removal in chronically overfished systems can also affect the stability of ecological communities (Bascompte et al. 2005 , Myers et al. 2007 . In fact, the relative importance of bottom-up versus top-down regulation in open-sea ecosystems is probably a matter of scale, with bottom-up processes evident at large spatial scale, and top-down processes becoming more important at smaller spatial scales (Hunt & McKinnel 2006) . Many species of marine top predators (e.g. cetaceans, sharks) are protected by legislation and international agreements which aim to minimise adverse anthropogenic impacts on their populations (Lewison et al. 2004) . Improved knowledge of the factors that can affect their population dynamics is vital to guarantee the success of protection and conservation actions.
Survival and abundance of top predator populations, although primarily controlled by the availability of their main prey (e.g. Wanless et al. 2007) , are also likely to be influenced by interactions with other predators and fisheries. For example, seabirds may benefit from the dolphin's hunt (e.g. Clua & Grosvalet 2001) , use other species as social cues to locate prey (Silverman et al. 2004) , kleptoparasitise other species (e.g. Garthe & Hüppop 1998) or scavenge fisheries discards (e.g. Votier et al. 2004 , Gremillet et al. 2008 . Some species with reduced competition efficiency (e.g. kittiwakes Rissa tridactyla) need to locate food quickly, before more aggressive species that mostly rely on scrounging and scavenging exclude them from the food patch (e.g. large gulls Larus spp.; Camphuysen et al. 2006) . Ubiquitous species (e.g. northern gannets Morus bassanus) may be able to use both feeding strategies (Garthe & Hüppop 1998) . A predator species may contribute to the foraging of several others because it drives prey toward the sea surface or because it acts as a major information cue to locate suitable feeding grounds (e.g. killer whales: Ridoux 1987; black-browed albatrosses: Silverman et al. 2004; tuna: Weimerskirch et al. 2005) .
Therefore, achieving a good understanding of the 'vertical' relationships that exist between the marine prey and predator communities, as well as of 'horizontal' relationships within each of these 2 communities, is a great step towards an integrated understanding of the functioning of pelagic ecosystems. Such work is needed to achieve the objectives of ecosystem-based management (Pikitch et al. 2004) , by offering ways to better understand and predict the behaviour of marine systems and by revealing the energy pathways in the ecosystem. In addition, a better understanding of the factors controlling marine top predator populations will help species conservation and management. In this context, the use of ecosystem-based monitoring programmes (e.g. Fauchald et al. 2000 , Ainley et al. 2005 , Ballance et al. 2006 ) is one major way to acquire knowledge about the interplay between several components of marine ecosystems, where controlled experiments are difficult to undertake.
The PELGAS (PELagique GAScogne) research survey series is an annual monitoring survey programme that studies the pelagic ecosystems of the shelf of the Bay of Biscay (France), led by the French Research Institute for Exploitation of the Sea (IFRE-MER). During spring, acoustic methods are used to estimate the biomass of small pelagic fish species and, since 2003, information is collected simultaneously on abundance and distribution of marine predator populations. Today, a spatio-temporal time series of 6 yr (2003 to 2008) is available, corresponding to >10 000 nautical miles (nmi; 1 nmi = 1.852 km) of at-sea transects sampled on the Bay of Biscay shelf.
The present study documents a general multivariate analysis of the top predator and small pelagic fish data collected during the PELGAS survey from 2003 to 2008. Due to the large amount of variables (small pelagic fishes, seabirds, cetaceans and fisheries) simultaneously collected, we used classical multivariate analysis of a series of k-tables (e.g. Dray et al. 2003 , in order to capture the most stable part of the sampled spatio-temporal pattern. The results are used to formulate hypotheses on the major prey-predator relationships that exist at the top of the Bay of Biscay marine food web.
MATERIALS AND METHODS
PELGAS surveys. The annual French pelagic acoustic spring survey PELGAS has taken place since 2000, led by IFREMER on board the RV 'Thalassa', with the main aim of monitoring the abundance of anchovy Engraulis encrasicolus and sardine Sardina pilchardus in the Bay of Biscay. Other small pelagic fish species for which abundance is also monitored are: sprat Sprattus sprattus, horse mackerel Trachurus trachurus and mackerel Scomber scombrus. Survey strategy was based on previous surveys and standardised under the auspices of the ICES Working Group on Acoustic and Egg Surveys for Sardine and Anchovy in ICES Areas VIII and IX (Petitgas et al. 2009 ). The surveys consists of ~3000 km of transects perpendicular to the coast. These transects regularly cover the continental shelf of the Bay of Biscay (80 000 km 2 ) in May (Fig. 1) . The primary objective of PELGAS was to contribute to the evaluation of small pelagic fish populations in the Bay of Biscay by acoustic methods, but it has quickly evolved towards a general assessment of all components of the marine environment from plankton to top predators. During the survey, environmental information (e.g. temperature, salinity, fluorometry) is also routinely collected. Visual census of top predators (seabirds, marine mammals and fishing boats) has been routinely carried out since 2003. The present study focuses on the time period during which pelagic fishes and top predator data were recorded simultaneously, i.e. between 2003 and 2008 .
Estimation of fish biomass using acoustic methods. Each year, the RV 'Thalassa' covers the same equally spaced transects (20 km apart) traversing the entire shelf along the French coast of Biscay. Cross-shelf transect lines from the coast (20 m depth) to shelf break (250 m depth) are sailed during daytime at 10 knots. The acoustic equipment consists of hull-mounted SIM-RAD EK60 split-beam transducers (18, 38, 70, 120 and 200 kHz) with nominal beam angles of 7.5°(except 11°f or 18 kHz). Details on the acoustic settings and procedures used can be found in Petitgas (2003) . The continuously recorded acoustic backscattering along the transect lines are echo-integrated by layer and school (Massé et al. 1996) from the 38 kHz frequency and echograms are scrutinised to select only those echoes that correspond to fish acoustic echo-traces following standard procedures (Simmonds & MacLennan 2005) . The echo-integration process is expressed as acoustic backscattered energy (m 2 nmi -1
) per elementary sampling unit (ESU). One ESU is 1 nmi long, which corresponds to the finest achievable spatial resolution on board. Mid-water trawl hauls are performed to assign the echo-traces to species or groups of species in this mixed-species ecosystem. Also, the trawl catches provide the necessary biological data (length, weight and age by species) to convert the acoustic backscattered energy to fish abundance and biomass by species, length and age (Simmonds & MacLennan 2005) . Trawl hauls are associated to corresponding ESUs using expert knowledge (Massé 1988 ) for each small pelagic species, in 9 size classes, ranging from <10 cm to > 45 cm, with 5 cm increments. This information is available for each ESU along the transects for each year of the series.
Visual census of top predators. Sightings of top predators (seabirds, marine mammals and fishing vessels) were recorded during daylight, starting around 06:00 h and stopping around 22:00 h depending on daylight duration. Visual census for top predators was interrupted during the trawls and when visibility was poor (Beaufort sea state ≥ 6).
Two observers (1 on the starboard side, 1 on the port side) searched for cetaceans, seabirds and fishing vessels ahead of the . Observers adapted their search effort primarily to detect cetaceans (e.g. scanning the sea surface only up to 500 m away from the ship) because they are the most cryptic targets but recorded all seabirds and fishing vessels detected. This strategy was chosen as a trade-off to collecting as much data on several ecosystem components as possible, given the limited availability of space for personnel on the vessel. Seabirds and cetaceans were identified to species level, and in the case of fishing vessels, 2 main categories were encountered: trawlers and gillnetters. Long-line and trap fishing were also recorded but they were rarely present in the surveyed area (corresponding to <1% of the sightings of fishing vessels) and are therefore excluded from our analysis. Great attention was paid to the recording of seabird and cetacean behaviour at the moment of sighting, especially to identify individuals following or attracted by the research vessel (e.g. individuals engaged in a straight movement toward the fishing vessel). GPS positions of the sightings were extracted from the GPS tracks recorded by the research vessel. Toppredator data were extracted at the same spatial scale as prey data. We used the number of individuals of each predator species counted within each ESU, excluding all predators whose behaviour was recorded as attracted by the research vessel, as a measure of top predator relative density.
For the Fisheries variable, sightings of trawlers and gillnetters (77% and 23% of fishing vessel sightings respectively) were pooled together for the calculation of fisheries relative density, due to the high proportion of unidentified fishing vessels in the first years of the series. Sightings of terns (Sterna sandvicensis and S. hirundo) and shearwaters (Puffinus gravis, P. griseus, P. mauretanicus, and P. puffinus) were also pooled together in 2 categories ('Sterna spp.' and 'Puffinus spp.', respectively) due to the scarcity of individual species sightings.
Selection of variables.
Prior to analysing our dataset, we first searched for the most pertinent prey variables, because the simple combination of all prey species × size classes led to 51 variables, most of them corresponding to very low biomasses, and therefore not relevant to study prey-predator interactions. We then excluded combinations of prey species × size classes that did not fit the following 2 criteria: to be observed each year in the Bay of Biscay, and to account for at least 0.5% of the total estimated small pelagic biomass. By applying these 2 criteria we ended up with 18 . We did not perform any variable selection for top predators, because excluding species with low abundance would exclude species of conservation interest. We therefore kept the 13 marine top predator taxa recorded in the Bay of Biscay: Larus argentatus, L. fuscus, Catharacta skua, Puffinus spp., Rissa trydactyla, Sula bassana, Sterna spp., Globicephala melas, Delphinus delphis, Tursiops truncatus, Fulmarus glacialis, Hydrobates pelagicus and Uriaa aalge. By adding the fishing vessels, we ended up with 14 predator variables. However, individuals following or attracted by the research vessel were excluded (Tasker et al. 1984) . Predator relative density was expressed in number of individuals counted per nautical mile (ind. nmi -1 ). Prey and predator spatio-temporal variability. Firstly, using the data extracted at the 1 nmi scale (as the ESU), the mean relative abundance of each variable was calculated for each year, together with the 95% confidence intervals. Confidence intervals were calculated using a non-parametric bootstrap, e.g. 999 pseudo-samples taken from the ESU of each year. Secondly, we illustrated the spatial distribution of the analysed variables of small pelagic fishes and top predators, to provide a description of their preferred areas in the Bay of Biscay.
After extracting the data at the ESU level and considering only transects where prey and predators were simultaneously sampled, we ended up with 8810 ESUs across the 6 yr, i.e. >16 000 km of transects (see Table 1 ). These data were used to map the variables for each prey and predator. We used ordinary kriging (Cressie 1993) to interpolate prey log biomass and predator log-relative densities. We pooled together all years (2003 to 2008) to obtain 1 map for each variable.
Log-transformation was applied to smooth the effect of strong local aggregations that can be observed with schooling fishes or with seabirds. Predictions were calculated on a lattice composed of 5 × 5 km cells. Ordinary kriging was performed with R software (R Development Core Team 2008), using the gstat package (Pebesma & Wesseling 1998) .
Extracting data for multivariate analysis. Data extracted at the ESU spatial scale were not well suited for multivariate analysis because of the very high proportion of zero values they contained, especially with the rarest species. We therefore searched for a tradeoff scale that minimised the occurrence of zero values in the data while offering enough spatial detail. After a trial and error process, we averaged prey biomass and predator relative density into a grid composed of 30 cells of 2500 km 2 (50 × 50 km), which is a spatial scale that matches the scale of the major oceanographic features in the Bay of Biscay (Koutsikopoulos & Le Cann 1996 , Puillat et al. 2004 ). In total, prey and predator variables were averaged within 169 grid cells during the 6 yr. We therefore obtained for a given year 2 tables of n rows and p columns, n being the number of grid cells documented that year and p the number of variables (18 for prey, 14 for predators). With 6 yr of data, we subsequently obtained a sequence of 6 paired ecological tables well suited to perform a STATICO analysis .
Overview of STATICO method for multivariate analysis. STATICO ) is a method designed to analyse a series of paired ecological tables. The objective of the method is to find the stable part in the dynamics of the relationships between 2 sets of variables, here marine top predators and small pelagic fishes. From a statistical point of view, STATICO is a multi-table analysis performed on the series of crosstables resulting from the co-inertia analysis of each pair of tables. The STATICO method consists of 3 steps: (1) each table is first analysed by a basic analysis, a 1-table method such as principal component analysis (PCA); (2) each pair is then linked by a co-inertia analysis (Dray et al. 2003) , producing a cross-table at time t, and the co-inertia matrix W t ; (3) since a cross-table W t is produced for each date, a partial triadic analysis (PTA; Thioulouse & Chessel 1987 ) is used to analyse the series of cross-tables W tt' .
A detailed description of STATICO analysis can be found in Thioulouse et al. (2004) together with an example application. If
Step 3 is relatively straightforward , Steps 1 and 2 require several user-made choices (Dray et al. 2003 ) that we explain in detail in the following section.
Let us denote as X t (n × p) the table that contains at each year t the relative biomass values for p = 18 prey species (columns) in n cells of 50 × 50 km = 2500 km 2 covering the study area (rows). Let us denote as Y t (n × q) the corresponding predator table that contains the relative density values for q = 14 predator species in the same cells.
X t and Y t are scaled by columns so as to produce a species profile table (see Dolédec et al. 2000 , Dray et al. 2007 ). By using a species profile table, we assume nonlinear relationships between prey and predators, and we focus the analysis on the relative distribution of species over cells, in order to reveal species associations (Dray et al. 2003) . No particular weights are given to the rows: each spatial location (cell) has the same importance. The series of co-inertia matrix W t (p,p) can be written as:
. The decomposition of Wt achieved by the co-inertia analysis aims to find a vector u1 in the prey space and v1 in the predator space with maximal coinertia. The second and further pairs of vector (u2,v2) maximises the same quantity, but with orthogonal constraints (Dray et al. 2003) . At this point, PTA ) is applied to analyse the series of cross-tables W tt' .
First, to characterise the consistency in time of the series of cross-tables W tt' , a scalar product is defined:
The resulting PCA of matrix T constructs a factorial space ('inter-structure') which represents the similarity/dissimilarity between coinertia matrices W t . The elements of the first eigenvector of T, α t , provide weights that are used to estimate an average co-inertia matrix W c ('compromise'). W c provides the structure common to all matrices W t and represents a time-consistent co-inertia matrix. It is obtained by a linear combination of the matrices W t : W c = Σ t α t W t . The PCA of W c constructs a factorial space, the 'compromise', in which compromise positions over time of the p prey species and of the q predator species can be plotted. These positions are used to identify prey-predator spatial associations.
Furthermore the 'trajectories' along the series of prey and predators can also be represented around their 'compromise' position. In doing so, the departure from the average structure is characterised, which can be interpreted as a graphical representation of the temporal variability of the averaged 'compromise' positions. To examine the inter-annual variability associated with the prey-predator associations, we plotted the projected location of prey and predators at the 6 yr on the factor map of the PCA of the compromise. The prey-predator pairs were chosen according to the position of prey and predators on the compromise, so as to represent the most relevant prey-predator associations.
The STATICO analysis was done with R software (R Development Core Team 2008) and the ade4 package , Dray et al. 2007 ).
RESULTS

Spatio-temporal variability of prey and predators in the Bay of Biscay
The average fish biomass estimated by acoustic methods in the Bay of Biscay shows that Scomber scombrus is the most important small pelagic fish in spring, followed by Sardina pilchardus and Trachurus trachurus (Fig. 2) . However, the biomass of the whole small pelagic community is subject to important temporal fluctuations (Fig. 2) , with years of high biomass (e.g. 2004, 2005, 2006) alternating with years of low-tomoderate biomass (2003, 2007, 2008) . Also, some discrepancies can be seen within a species between size classes: the dominant size class in Scomber scombrus The predators Morus bassanus, Larus fuscus, and to a lesser extent Delphinus delphis, were the most abundant predators in the Bay of Biscay (Fig. 3) . Again, fluctuations in predator relative densities were evident, both in frequent and rare seabird species and in marine mammals (Fig. 3) The high variability associated with prey and predator abundance was not only temporal, but also spatial (Figs. 4 & 5) . It could nonetheless be visually summarised according to the major oceanographic features of the Bay of Biscay: the shelf-break, straight in the northern part, and U-shaped in the south (see Certain et al. 2007 Certain et al. , 2008 and the Loire and Gironde river plumes , Puillat et al. 2004 ).
For Scomber scombrus and Trachurus trachurus, small-sized individuals were mainly distributed in the central and northern part of the continental shelf, whereas larger individuals clearly showed a preference for the shelf-break area, especially in the case of Scomber scombrus. Sardina pilchardus was associated with both coastal and shelf-break areas with the smallest fish (<15 cm) being observed only in coastal areas. Engraulis encrasicolus mainly occurred in coastal, southern areas (Fig. 4) . Coastal areas, and especially river plumes, were mainly populated by Sardina pilchardus, E. encrasicolus and Sprattus sprattus, while other fish species were not found in these areas (Fig. 4) .
Spatial patterns of predator species were a bit more complex and fragmented than the spatial patterns of the prey (Fig. 5) . Nonetheless, some general patterns could be identified, with species associated with coastal and shallower areas (Delphinus delphis, Puffinus spp., Larus argentatus, Uria aalge), species associated with pelagic areas (Tursiops trucatus and Globicephala melas, both being closely related to the shelf break; Fulmarus glacialis), species showing a north-south gradient of distribution (Rissa tridactyla, Sterna spp.) and species widely distributed throughout the whole Bay of Biscay (fisheries, Morus bassanus, L. fuscus, Catharacta skua).
STATICO analysis
Compromise
According to their position on the factor map of the PCA of the compromise (Fig. 6 ), 4 groups of preypredator associations were identified.
Group 1 consisted of species that were positively associated with both PC1 and PC2: Engraulis encrasicolus 10-15 cm mainly associated with Sterna spp., and to a lesser extent with fisheries and Catharacta skua.
Group 2 consisted of species positively associated with PC1 and slightly negatively associated with PC2, and also associated with negative values on PC3. In this group, prey species were small-sized fishes (Sardina pilchardus 10-20 cm, Sprattus sprattus 10-15 cm), and predators included both marine mammals (Delphinus delphis) and seabirds (Uria aalge, Larus argentatus and Hydrobates pelagicus).
Group 3 was composed of species negatively associated with PC2, and positively associated with PC3. It included Morus bassanus, and 2 prey of intermediate size: Trachurus trachurus 10-20 cm, and Scomber scombrus 25-30 cm.
Group 4 consisted of species that were mainly found in the shelf break area, i.e. Tursiops truncatus, Trachurus trachurus 25-35 cm and Scomber scombrus 35-40 cm.
The remaining species mostly presented an intermediate position between these 4 groups and were therefore hard to characterise.
Inter-annual variability ]) in the Bay of Biscay. Each map shows the averaged distribution over the 6 yr of the study period (2003 to 2008) . Numbers in the title of each map correspond to size class, in cm. Dotted lines enclose study area on the first axis were even opposite in 2008 (Fig. 7a ). For Group 2 (Fig. 7b-e) , most of the prey-predator associations were observed in 2005 and 2008, when both Delphinus delphis and Uria aalge were associated with Sardina pilchardus 10-20 cm and Sprattus sprattus 10-15 cm, but these associations were less clear in the remaining years. In Group 3 (Fig. 7g,h From this analysis, it appears that the overall structure of the prey-predator community in spring in the Bay of Biscay varies throughout the years, ranging from years with weak structure where some groups may even be considered to be overlapping (e.g. 2003, 
DISCUSSION
Prey-predator associations in the Bay of Biscay
The structure between prey and predators evidenced by the STATICO analysis revealed a highly complex organisation, subject to an obvious inter-annual variability. On the factor map of the PCA of the compromise, the variability of this community is described using 4 prey-predator groups whose locations were distinct. With such a complex prey-predator community, it may be difficult to clearly understand the ecological properties associated with each principal component, especially because all variables included in the analysis present complex spatial patterns (e.g. Figs. 4 & 5) likely to exhibit temporal variations (our Figs. 3 & 4, Certain et al. 2008) . However, the main features of these spatial patterns can be identified and related to the broad oceanographic features of the Bay of Biscay.
PC1 clearly opposes species with pelagic distribution and strong shelfbreak associations (e.g. Tursiops truncatus, large Scomber scombrus and Trachurus trachurus) to more coastal species known to be related to mesoscale features such as river plumes (Engraulis encrasicolus, Sprattus sprattus and small Sardina pilchardus, Planque et al. 2007 ; Uria aalge, Bellier et al. 2010; and Delphinus delphis, Certain et al. 2008) . PC2 opposes species with more coastal and southern spatial distribution (Engraulis encrasicolus, Sterna spp.) to species presenting moderate to high relative abundance in the central and north part of the bay (Morus bassanus, small Trachurus trachurus). PC3 (only illustrated in the plot of the compromise, Fig. 6 ) opposes species with a strong east -west gradient in their spatial distribution (either coastal or shelf-break species: Tursiops trunca- Group 1 links together a fish stock (Engraulis encrasicolus) that has a high commercial value and that has been depleted in recent years, to Sterna spp. (e.g. S. sandvicensis and S. hirundo), and also to a lesser extent to Catharacta skua and to fisheries. Indeed, these species and the fisheries show high densities in the southern part of the bay, especially in coastal areas (Figs. 4 & 5) . Here, both trawlers and gillnetters operate, with gillnetters present in a more coastal distribution (Léauté 1998) . The E. encrasicolus fishery has been closed since 2006, so no direct link can exist between this species and the fishing fleet after this year. But in the south of the bay, trawlers and gillnetters are certainly targeting the areas where anchovies, terns and skuas can be found. The complex interactions between these species in the south of the bay could be explained as follows. In spring, Sterna spp. are probably relying on E. encrasicolus, as they are small fish with high energetic value whose size matches the prey size usually targeted by Sterna spp. (Snow & Perrins 1998 , Limmer & Becker 2009 . Sterna spp. are also among the favourite targets of kleptopar- asitic seabirds such as C. skua (Belisle 1998 , Furness & Hamer 2003 . Furthermore, both Sterna spp. and C. skua use fisheries discards (Valeiras 2003) . It is likely that, in addition to being an important predator for small pelagic fishes, fisheries in the south of the bay play a major role in providing food to both Sterna spp. and C. skua. Therefore, the system of anchovy-ternskua-fishery in the south of the bay is probably a suitable and sensitive case study to investigate the implementation of ecosystem-based fisheries management at a local scale. Group 2 links together small pelagic fishes with coastal predators. The association between Delphinus delphis, Uria aalge, Sardina pilchardus and Sprattus sprattus is in accordance with previous studies on the diet of these 2 predator species D. delphis and U. aalge (i.e. small pelagic fishes of length 0-20 cm with high energetic content; see Lorentsen & Anker-Nilssen 1999 , Lance & Thompson 2005 , Pusineri et al. 2007 , Meynier et al. 2008 . The occurrence of Hydrobates pelagicus in this group may be due to the fact that they target similar prey to Sardina pilchardus (i.e. euphausiids and copepods; d 'Elbée & Hemery 1997 , Palomera et al. 2007 , Espinoza et al. 2009 ). The occurrence of Larus argentatus is also probably circumstantial: it is a coastal species that forages in both the marine and the terrestrial environment. When at sea, it is not surprising that it targets coastal productive areas where Sardina pilchardus and Sprattus sprattus can be found in abundance.
Group 3 corresponds to the most ubiquitous species, at least in terms of spatial distribution (Fig. 5) . Indeed, Morus bassanus and Trachurus trachurus are widely distributed throughout the Bay of Biscay. Moreover, the length of T. trachurus in this group (15-25 cm) is consistent with the hypothesis of a trophic relationship, since T. trachurus of size 10-20 cm may indeed be consumed by M. bassanus (e.g. Bunce 2001 , Hamer et al. 2006 . This group of generalist species could even be extended to include Larus fuscus, according to its position on PC3.
Group 4 is formed by large pelagic fishes (Trachurus trachurus 25-35 cm, Scomber scombrus 35-40 cm) and by Tursiops truncatus and it groups together species associated with the shelf break. Previous dietary analysis also suggested that Tursiops truncatus consume a large proportion of large T. trachurus in the Bay of Biscay (Spitz et al. 2006) . The association between Tursiops truncatus and S. scombrus may only be a circumstantial association. Indeed, S. scombrus use the shelf break as a migratory pathway between the Bay of Biscay and the Celtic Sea (Reid et al. 1997 , Uriarte & Lucio 2001 and both their occurrence and abundance in the Bay of Biscay in spring therefore depend on the timing of their migration. Furthermore, S. scombrus only marginally occur in the diet of Tursiops truncatus, compared to Trachurus trachurus (Spitz et al. 2006) . Several other prey size classes or predator species were difficult to clearly associate to a group. This is the case for species close to the PCA graph origin, such as Larus fuscus and Scomber scombrus 15-25 cm, which can be explained by their very wide distribution together with their probable generalist feeding behaviour. These species may not be strongly associated with any habitat or prey, and therefore are found in the centre of the compromise. Other prey such as Sardina pilchardus 20-25 cm, Scomber scombrus 30-35 cm and Trachurus trachurus 20-25 cm are placed between 2 groups (Groups 3 and 4), which suggests that they are probably equally targeted by the predators of Groups 3 and 4, Morus bassanus and Tursiops truncatus.
Temporal variability of prey-predator associations
The temporal variability analysis illustrated a high inter-annual variability in the group structure and group-specific differences in this variability (Fig. 7) , which perfectly illustrates the great complexity and variability associated with any marine ecosystem. Even though several prey-predator associations occurred with high frequency in the long run, these associations are also ephemeral, dynamic, and may not be observed at all in a given year. Despite this large variability, our findings open a way towards further research questions and needs.
What are the factors responsible for the yearly shifts between strong to weak prey-predator associations? Theoretical developments proposed by Sih (2005) presented the spatial relationships between prey and predators as a 'behavioural response race', the output of the race being the degree of association between prey and predators. If predators are 'winning' the race, a strong spatial association would be expected, while if prey are 'winning' the race, a negative spatial association would be expected. Moreover, Sih (2005) predicted that the output of the race should be driven by the existence of external constraints (termed 'spatial anchors'), the trophic level experiencing the greater constraints being the loser. In the context of the upper pelagic food web of the Bay of Biscay, the behavioural response race is a convenient theoretical model to further investigate the variability in the degree of associations between prey and predators (see also Fauchald 2009) . One way to understand the observed interannual change in structure of the prey-predator community is to look for the possible spatial anchors. One constraint for predators is for example the diving performance, surface-feeding birds facing reduced prey availability compared to diving birds. Subsequently, any inter-annual variation in depth distribution of prey is likely to influence the strength of the prey-predator spatial association. Spatial anchors for prey may be the presence of other predators (fisheries, marine mammals, pursuit divers) able to advect preys at the surface (Camphuysen et al. 2006 ), or of oceanographic features having the same effect . Any factors making prey distribution predictable and available to the predator population, such as the existence of recurrent spawning areas ), may also act as a spatial anchor for prey.
Further studies should focus on the search for spatial anchors in the Bay of Biscay that can account for the inter-annual variability of prey-predator associations revealed in the present study. According to Sih (2005) , these spatial anchors should be more important for prey in the years of tight prey-predator association. But these spatial anchors may change, depending on the group considered, leading to different predictions. For Delphinus delphis, Uria aalge and Sterna spp., a careful analysis of the structure and location of the spawning areas of Sardina pilchardus, Sprattus sprattus and Engraulis encrasicolus (all 10-20 cm in size) should be carried out, with the prediction that the prey-predator association should be stronger during the years where these fishes are breeding in predictable and/or restricted areas. By contrast, to understand prey-predator associations involving a surfacefeeder such as Morus bassanus, the focus could be put on the co-occurrence of their prey Trachurus trachurus and Scomber scombrus of moderate size (15-25 cm) with any factors advecting prey to the surface (marine mammals, fisheries, oceanographic features), with the prediction that the prey-predator association should be stronger during the years where prey are more likely to be advected to the surface. The predictability of these factors of concentrating and advecting prey should be scrutinised as well, with the hypothesis that the more their spatio-temporal location is predictable to the predators, the stronger the prey-predator associations should be around these locations.
Design and importance of ecosystem-based monitoring programmes
The design of ecosystem-based surveys relies on an optimal trade-off between all the sampling protocols devoted to each ecosystem component. It implies limitations on the number of people assigned to each task, the sampling area or the location of transects and stations. Such a design might be criticised because the sampling of any given component will always be less optimal than in dedicated surveys. A good example is cetacean surveys, where the 'state of the art' sampling protocol is designed to control for heterogeneities in detection rates and address biases regarding the main distance-sampling assumptions (Buckland et al. 2004) . Such a protocol requires 6 observers constantly operating and only focusing on cetaceans. Other operations such as trawling, that might attract predators, are discouraged since it is important to cover as much of the survey area as possible with the available ship time. These constraints are the price to pay for estimating absolute abundances, and even with this sampling design, confidence intervals usually range from half to double the estimates (Hammond 2006) . However, apart from spatial distribution and abundance, very little information can be extracted concerning the ecological processes driving the interactions between these species and their surrounding environment, because data on covariates are not simultaneously sampled. Such a constraining protocol cannot be implemented on board an ecosystem-based survey. On PELGAS cruises, only 3 places are available for the observers, meaning that only 2 can be working simultaneously while the third observer rests. Since observers collect data on seabirds, cetaceans and fishing vessels at the same time, the detection rate of cetaceans is reduced, and observations are carried out under varying weather conditions (Table 1 ). However, it should be taken into account that in the STATICO analysis, the use of a species profile table is a convenient way to deal with issues relating to detection probability: the relative abundance of each species in each grid cell and each year is expressed as a proportion. In this way, heterogeneities due to varying detection probability between species and between years are removed. The only remaining assumption is that detection probability for a given species in a given year does not differ between grid cells. Using larger grid cells ensures that the average observation conditions between grid cells are similar.
Biases affect not only top predator sampling, but also prey sampling. The width of the acoustic strip is narrower than the visual strip of where observations for top predators are carried out. Therefore, predators might be observed, but the fish schools on which they are preying can be missed, particularly if the schools happen to be distributed near the surface in the acoustic blind zone of the vessel (this zone is created due to the limitations of the acoustic nearfield in hullmounted transducers and can reach up to 10-15 m; Scalabrin et al. 2009 ). Differential biases between small pelagic fish sampling and top predator sampling are likely to add noise to the observed patterns, therefore reducing the power with which spatial associations can be detected. Again, these biases will be even more important if the spatial scale of the analysis is reduced.
Up to now in the Bay of Biscay, existing studies on small pelagic fishes (Massé et al. 1996 , Petitgas 2003 or top predators (Certain et al. 2007 , Bellier et al. 2010 ) did not refer explicitly to prey-predator relationships, and existing trophic web models (Sanchez & Olaso 2004 , Marquis et al. 2007 ) did not emphasise the coupling with apex predator populations. Information derived from the present study can be used to build complete food-web models aimed at testing scenarios of change in ecosystem structure (see Link et al. 2009 for a similar approach). Our study also illustrates the importance of simultaneously collecting data on several trophic levels during marine monitoring programmes, to obtain a broader understanding of the prey-predator community structure, leading to more focused research questions and predictions. This global analysis will facilitate more detailed, groupspecific analysis involving data at fine spatial scales, to better understand the processes controlling the spatial associations and ultimately the trophic relationships between top predators and their prey in the marine environment.
Since the results presented here only concern the spring season, our understanding of the structure of the upper pelagic food web in the Bay of Biscay -and therefore the theoretical basis for ecosystem-based management -would greatly benefit if data were also gathered in other surveys that take place at different times of the year. Indeed, although the seasonal and inter-annual variability of the top-predator community is fairly well documented in the Bay of Biscay (e.g. see Certain et al. 2007 , Hemery et al. 2009 ), little is known about small pelagic fishes outside the spring season (but see Poulard & Blanchard 2005) ; data during the winter are mainly limited to landings statistics, and spatial information is mostly limited to the scale of the ICES divisions. 
